The Beta-Carotene and Retinol Efficacy Trial (CARET) tested the effect of daily ␤-carotene (30 mg) and retinyl palmitate (25 000 IU) on the incidence of lung cancer, other cancers, and death in 18 314 participants who were at high risk for lung cancer because of a history of smoking or asbestos exposure. CARET was stopped ahead of schedule in January 1996 because participants who were randomly assigned to receive the active intervention were found to have a 28% increase in incidence of lung cancer, a 17% increase in incidence of death and a higher rate of cardiovascular disease mortality compared with participants in the placebo group. Methods: After the intervention ended, CARET participants returned the study vitamins to their study center and provided a final blood sample. They continue to be followed annually by telephone and mail self-report. Selfreported cancer endpoints were confirmed by review of pathology reports, and death endpoints were confirmed by review of death certificates. All statistical tests were twosided. Results: With follow-up through December 31, 2001, the post-intervention relative risks of lung cancer and allcause mortality for the active intervention group compared with the placebo group were 1.12 (95% confidence interval [CI] ‫؍‬ 0.97 to 1.31) and 1.08 (95% CI ‫؍‬ 0.99 to 1.17), respectively. Smoothed relative risk curves for lung cancer incidence and all-cause mortality indicated that relative risks remained above 1.0 throughout the post-intervention follow-up. By contrast, the relative risk of cardiovascular disease mortality decreased rapidly to 1.0 after the intervention was stopped. During the post-intervention phase, females had larger relative risks of lung cancer mortality (1.33 versus 1.14; P ‫؍‬ .36), cardiovascular disease mortality (1.44 versus 0.93; P ‫؍‬ .03), and all-cause mortality (1.37 versus 0.98; P ‫؍‬ .001) than males. Conclusions: The previously reported adverse effects of ␤-carotene and retinyl palmitate on lung cancer incidence and all-cause mortality in cigarette smokers and individuals with occupational exposure to asbestos persisted after drug administration was stopped although they are no longer statistically significant. Planned subgroup analyses suggest that the excess risks of lung cancer were restricted primarily to females, and cardiovascular disease mortality primarily to females and to former smokers. [J Natl Cancer Inst 2004;96:1743-50]
deaths (1) . In 2004, an estimated 90 000 men and 67 000 women will die from lung cancer. Although there has been a small but detectable improvement in lung cancer treatment over the past 20 years, the 5-year survival among individuals who received a lung cancer diagnosis between 1989 and 1996 was only 14% (1) . The National Cancer Institute (NCI) has encouraged an active research program in chemoprevention, i.e., the use of agents to prevent, arrest, or reverse lung cancer carcinogenesis.
In the early 1980s, the dietary constituent ␤-carotene was one of the agents with the strongest supportive evidence suggesting that it was a chemoprevention agent. Results of observational epidemiologic studies as well as those of less numerous animal studies (2) led to the initiation of the large intervention trials designed to test the effect of supplemental ␤-carotene. The Physicians' Health Study Trial tested the effect of ␤-carotene and aspirin on cancer and cardiovascular disease in a healthy male population. The Alpha-Tocopherol Beta-Carotene Cancer Prevention (ATBC) Trial, which was conducted in Finland, and the Beta-Carotene and Retinol Efficacy Trial (CARET), which was conducted in the United States, were designed to test the effect of ␤-carotene on lung cancer incidence. ATBC used a 2 ϫ 2 study design to test the combination of 20 mg of ␤-carotene and 50 mg of alpha-tocopherol in 29 133 male current cigarette smokers (3) . CARET compared the combination of 30 mg of ␤-carotene and 25 000 IU of retinyl palmitate (retinol) with placebo in 18 314 male and female current and recent exsmokers and male asbestos-exposed workers (4) . In 1994, after a mean follow-up of 6.1 years, ATBC reported that subjects in the treatment arms that received ␤-carotene had a 16% increased incidence of lung cancer (relative risk [RR] ϭ 1.16, 95% confidence interval [CI] ϭ 1.02 to 1.33; P ϭ .02) and an 8% increase in all-cause mortality (RR ϭ 1.08, 95% CI ϭ 1.01 to 1.16; P ϭ .02) compared with subjects who had received placebo (3, 5) . In January 1996, CARET reported similar results: after a mean follow-up of 4.0 years, the group that received the active study vitamins had a 28% greater incidence of lung cancer (RR ϭ 1.28, 95% CI ϭ 1.04 to 1.57; P ϭ .02), 17% more deaths from all causes (RR ϭ 1.17, 95% CI ϭ 1.03 to 1.33; P ϭ .02), and more deaths from cardiovascular disease (RR ϭ 1.26, 95% CI ϭ 0.99 to 1.61; P ϭ .06) than the group that received placebo (6) . These two trials clearly established that supplements containing ␤-carotene were harmful to cigarette smokers, causing increases in the incidence of lung cancer and in overall mortality.
Ever since the study interventions were stopped (in 1994 for ATBC and 1996 for CARET), a major question has remained: How will discontinuation of the study supplements affect the elevated incidence of lung cancer, cardiovascular disease mortality, and all-cause mortality in those who received ␤-carotene? ATBC investigators have recently reported that, with 6 years of follow-up after ending the vitamin intervention, the adverse effects they found on lung cancer incidence had disappeared (8) . We now report the findings for CARET with 6 years of postintervention follow-up.
METHODS

CARET Study Design
The strategy, design, methods, eligibility criteria, pilot study findings, recruitment success, safety monitoring data, endpoints ascertainment and review process, and initial findings for CARET have been published (4,6,9 -12) . Briefly, CARET was initiated in 1983 with two pilot studies that tested two doses of ␤-carotene with or without vitamin A (retinol) in two high-risk populations: 816 men with substantial occupational exposures to asbestos and 1029 men and women who were either current or former cigarette smokers (Ͻ6 years since quitting) with a smoking history of at least 20 pack-years. Synthetic ␤-carotene, retinol (tested in the pilot studies), and retinyl palmitate (tested in CARET) were all manufactured by Hoffmann-LaRoche (Nutley, NJ). In 1988, after successful completion of the pilot studies, all pilot study participants who had been randomly assigned to the active intervention groups were reassigned to receive 30 mg of ␤-carotene plus 25 000 IU of retinyl palmitate daily, the active regimen chosen for CARET. Recruitment to CARET was then expanded 10-fold at the six U.S. study centers located in Seattle (WA), Portland (OR), San Francisco (CA), Irvine (CA), Baltimore (MD), and New Haven (CT). Recruitment ended in 1994, when 18 314 participants had been randomly assigned to the active intervention or placebo groups. Written informed consent was obtained from all participants when they joined the trial. During the trial, CARET activities were reviewed annually by the institutional review boards at the six CARET study centers and by an external Safety and Endpoints Monitoring Committee (SEMC). The primary endpoints of CARET were lung cancer incidence, cardiovascular mortality, and all-cause mortality. After a planned interim analysis in 1995 and in consultation with the NCI and the SEMC, the CARET Steering Committee decided to end active intervention on January 11, 1996, because of adverse findings (13) . All participants were asked to stop taking the intervention agents and to return them to their study center, where a final blood sample was collected from each participant and written informed consent was obtained for post-intervention follow-up. Participants were followed annually by telephone (September 1996 through March 2000) and by mail thereafter to collect self-reported health information.
Endpoint Data Collection
CARET had a well-established endpoint assessment protocol (11) . We obtained the medical records and pathology reports from the diagnosing institutions for all participants who reported a cancer diagnosis during the intervention phase or postintervention follow-up period. Central pathology review was conducted on all lung cancer cases (the CARET primary endpoint) diagnosed through December 31, 1997 . For all other cancers (and lung cancer cases diagnosed on or after March 1, 1998), we reviewed pathology reports obtained from the diagnosing institutions. For cancer cases diagnosed prior to March 1, 1998 , endpoint materials were reviewed independently by three physician adjudicators, who were required to reach a consensus on the site of the primary cancer, its histology, and the date of diagnosis to consider the cancer diagnosis as confirmed. For cancer cases diagnosed on or after October 1, 1998, the endpoint adjudication system was modified to allow review by endpoint specialists from the CARET Coordinating Center staff and a single physician adjudicator. The date and underlying cause of death were determined by reviewing medical records and death certificates.
Statistical Analysis
During the endpoint review process, the month and year of cancer diagnosis were adjudicated from the medical records; however, we found that the day of diagnosis could not be consistently determined. For analytic purposes, the date of cancer diagnosis was taken to be the 15th of the month unless there was evidence (such as a date of death prior to that date) indicating that the 15th was not possible, in which case the day of diagnosis was defined as the midpoint of the range of days consistent with the available information. The primary endpoints during the post-intervention phase were incidences of lung cancer, all-cause mortality, and mortality from cardiovascular disease.
Relative risk (RR) estimates for the intervention and postintervention phases of CARET were obtained through Cox proportional hazards regression models. We determined that the assumptions were satisfied through examination of the log-log (survival) versus log time plot. For the intervention phase analysis, time was measured from the date of randomization into CARET to the date of the first diagnosis for the endpoint of interest; the date of death; or January 11, 1996, the date the intervention phase formally ended, whichever occurred first. For the post-intervention phase analysis, time was measured from January 12, 1996, to the date of first diagnosis, the date of death, or December 31, 2001 , whichever occurred first. Participants who died or were diagnosed with cancer during the intervention phase were not included in the post-intervention phase analysis for that outcome, although they were included in analyses of other outcomes. Thus, for example, a participant who was diagnosed with two primary lung cancers, one during the intervention phase and the other during the post-intervention phase, would not be included in the post-intervention phase analysis of the lung cancer endpoint but would be included in the analysis of the death endpoint. We assessed the statistical significance of differences in relative risks between subgroups by using a single model for the total population with main effects for the subgroup of interest that were evaluated by the change in partial likelihood. Smoking history was defined at the time of randomization and was not changed if smoking status changed during the trial.
To assess the time course of disease risk in calendar time, we estimated smoothed relative risks from a generalized additive model (11) . We computed incidence rates for each 1-month period of follow-up and smoothed the monthly relative risk estimates with a tricube kernel smoother. The span width for the smoother varied by disease outcome and subgroup examined; outcomes with relatively few endpoints required a larger span than outcomes with more endpoints. For all of the primary outcomes in this article, a span of 0.35 produced smooth curves that still retained fine detail: smaller spans produced lumpier curves whereas larger spans produced more linear curves that lacked fine detail. For each smoothed curve, we also computed the pointwise 95% confidence intervals (CIs); specifically, for each monthly smoothed relative risk, we computed the 95% confidence interval for that estimate from the generalized additive model. This analytic method was similar to that employed by the ATBC Study Group in its report on post-intervention follow-up (8) , in which they found that a span of 0.40 provided the best description of their data. These statistical analyses were performed using S-Plus software, version 6.2 (Insightful Corporation, Seattle, WA). All statistical tests were two-sided.
RESULTS
The baseline characteristics of participants in CARET at the time of randomization were well balanced between the intervention groups (Table 1) . When the intervention was stopped in January 1996, the intervention groups were still well balanced with respect to all characteristics ( Table 1 ). The major changes in the population characteristics between the time of randomization and the start of the post-intervention period were increases in time-related measures (e.g., age, number of pack-years of cigarette smoking) that were related to the duration of the intervention phase, and a decrease in the percentage of participants who continued to actively smoke cigarettes. During the intervention phase of CARET, current cigarette smokers had a net smoking cessation rate (i.e., the rate calculated by subtracting the number of relapsers from the number of quitters) of 5% per year, based on self-report.
A total of 1174 participants who were enrolled in CARET did not contribute person-years of follow-up to this post-intervention analysis; of these, 1092 (93%) died during the intervention phase and 82 (7%) were lost to follow-up. In the ongoing postintervention follow-up in CARET, 93% of the living participants are being followed actively through mailed questionnaires; the remainder (including those considered lost to follow-up during the intervention phase) are being followed passively through searches of local cancer registries and the National Death Index. In Table 2 , we present our findings for the post-intervention phase for the primary endpoints and compare them with the findings previously reported at the end of the active intervention phase of CARET in January 1996. During the post-intervention phase, the relative risk of lung cancer for the active intervention group compared with the placebo group was 1.12 (95% CI ϭ 0.97 to 1.31; P ϭ .13), which was lower than it was during the intervention phase (1.28, 95% CI ϭ 1.04 to 1.57; P ϭ .02). Figure 1 , A, illustrates how the ratio of the lung cancer risk in the *IQR ϭ interquartile range. †Eligibility criterion for CARET was age 50 -69 years for heavy smokers and 45-69 years for asbestos-exposed individuals (eligibility criterion for the pilot study was age 45-74 years for asbestos-exposed individuals).
‡All other participants were former smokers except for 133 never smokers from the pilot study of asbestos-exposed individuals (69 participants in the active group and 64 participants in the placebo group at randomization; 58 participants in the active group and 58 participants in the placebo group at the start of post-intervention).
§Ever smokers only. Eligibility criterion was Ն20 pack-years for heavy smokers (no eligibility criterion for asbestos-exposed men).
Former smokers only. Eligibility criterion was Յ6 years for heavy smokers and Յ15 years for asbestos-exposed individuals (no eligibility criterion for the pilot study in asbestos-exposed individuals).
¶Eligibility criterion was Ն15 years since first exposure. #Eligibility criterion was Ն5 years in high-risk trade completed at least 10 years prior to randomization. **An x-ray was considered positive if the profusion rating was Ն1/0, there were diaphragm abnormalities in at least one lung, there was calcification in at least one lung, there was circumscribed or diffuse pleural thickening of width B or greater in at least one lung, or there was circumscribed or diffuse pleural thickening of width A2 or greater in both lungs.
active intervention arm to the risk in the placebo arm changed after the active intervention ended on January 11, 1996. The smoothed relative risk of lung cancer was greater than 1.1 throughout the first 4 years after the end of the intervention, and the pointwise 95% confidence intervals excluded 1.0 between November 1997 and August 1999.
During the post-intervention phase, the overall relative risk of death from any cause for the active intervention group compared with the placebo group was 1.08 (95% CI ϭ 0.99 to 1.17; P ϭ .07) ( Table 2 ; Fig. 2, A) , which was lower than it was during the intervention phase (1.17, 95% CI ϭ 1.03 to 1.33; P ϭ .02). Thus, these data are suggestive of, but not definitive for, a continued modestly elevated risk of death from all causes for participants in the active intervention group.
We classified cause-specific mortality according to mortality from lung cancer, mortality from cardiovascular disease, and mortality from causes other than lung cancer or cardiovascular disease. Survival after a diagnosis of lung cancer did not differ by intervention group (RR ϭ 1.00, 95% CI ϭ 0.88 to 1.15, P ϭ .94); thus, the numerical excess of lung cancers diagnosed dur- ing the post-intervention phase in the active intervention group translated into an excess of lung cancer deaths in that group (Table 2) . By contrast, the excess mortality from cardiovascular disease in the active intervention group declined from a relative risk of more than 1.3 between 1990 and 1994 to a relative risk of less than 1.1 after the end of the intervention period (Table 2 and Fig. 3, A) , at least for the study population as a whole. Compared with the placebo group, the active intervention group had more deaths from causes other than lung cancer or cardiovascular disease, although that difference was not statistically significant. Table 3 presents the relative risks for the active intervention group compared with the placebo group during the postintervention period for lung cancer incidence, all-cause mortality, and cause-specific mortality for preplanned analyses of key subpopulations of study participants (i.e., females, males, and current and former smokers). There were no statistically significant differences in relative risks between asbestos-exposed participants (all of whom were male) and males in the smoker cohort; only the relative risks of lung cancer incidence showed a numeric difference greater than 0.05. For this reason, all analyses comparing sexes combined males in the asbestosexposed and smoker cohorts. Although females had a numerically higher relative risk of lung cancer if they used ␤-carotene than male heavy smokers (1.33, 95% CI ϭ 1.01 to 1.75 versus 1.03, 95% CI ϭ 0.86 to 1.24), the difference between relative risks was not statistically significant (P ϭ 0.09). Figure 1 , B and C, shows the smoothed lung cancer relative risks for males and females as a function of time. The point estimates of the lung cancer relative risk for males showed a modest increase for approximately the first 4 years after the end of the intervention. The point estimates of the lung cancer relative risk for females were much higher than those for males, they showed little evidence of decline, even at 5 years after the end of intervention. The very high estimated smoothed relative risks for females during the early years of the intervention period were due to instability in the smoothed estimates that arose from the very small number of outcomes in that subgroup prior to 1990 (e.g., number of lung cancers diagnosed in active group versus in placebo group, 2 versus 0; number of deaths from any cause in active group versus in placebo group, 3 versus 0; number of deaths from cardiovascular disease in active group versus in placebo group, 1 versus 0).
During the post-intervention phase, current and former smokers had similar relative risks of all-cause mortality of 1.09 and 1.18, respectively (Table 3 ). However, current smokers had a numerically higher relative risk of lung cancer mortality than former smokers (1.27 versus 1.12) that reflected their higher relative risk of lung cancer incidence compared with that of former smokers (1.22 versus 1.11), whereas former smokers had a much higher relative risk of cardiovascular disease mortality than current smokers (1.44 versus 0.87). A test for the statistical significance of the difference in the relative risk of cardiovascular disease mortality between current and former smokers gave a nominal P value of .01. The point estimate of the relative risk of cardiovascular disease mortality during the intervention phase was also greater in former smokers (RR ϭ 1.45) than in current smokers (RR ϭ 1.07; P for difference ϭ .21). Figure 2 , B and C, shows that the smoothed relative risk for all-cause mortality was larger in females (smokers cohort) than males (asbestos-exposed and smoker cohort) since the end of intervention (nominal P value for difference ϭ .003). Table 3 shows that, during the post-intervention phase, females had larger relative risks than males for lung cancer mortality (1.33 versus 1.14; P ϭ .31), for cardiovascular disease mortality (1.44 versus 0.93; P ϭ .03), and for all-cause mortality (1.37 versus 0.93; P ϭ .001). Figure 3 , B and C, shows the smoothed relative risks of cardiovascular disease mortality for males and females, respectively, which depict the immediate disappearance of the excess risk of cardiovascular disease mortality among males after January 11, 1996 , and the excess risk of cardiovascular disease mortality in females continuing through much of the post-intervention period. The data thus suggest that whereas the excess lung cancer incidence and mortality risks seen during the intervention phase may have resolved in male smokers during the post-intervention phase, they persisted in female smokers.
DISCUSSION
Before the findings of ATBC (3, 5) , CARET (6, 12) , and the Physicians Health Study (PHS) (14) were reported, ␤-carotene was widely considered by many researchers and the general public to be protective against cancer(s) and cardiovascular diseases. The hypothesis that ␤-carotene is chemopreventive was tested by ATBC, CARET, and the PHS. The first two trials clearly showed that ␤-carotene supplements of 20 or 30 mg/day increased the incidence of lung cancer and cardiovascular disease in cigarette smokers and the PHS showed that doses of 50 mg of ␤-carotene every other day provided no protective benefits against these diseases in former and never smokers. These findings have raised many questions about the assumed benefits and safety of high-dose vitamin supplements.
When the initial findings of CARET were reported, there was no clear explanation for the adverse effects seen in CARET and ATBC. Most investigators concluded that the adverse effects observed with the combination of ␤-carotene and retinyl palmitate in CARET was primarily due to ␤-carotene because similar adverse effects were seen in the ␤-carotene-containing arms of ATBC and because a skin cancer trial that administered even higher doses of retinol than that administered in CARET reported no adverse effects (although that trial was not powered to study lung cancer incidence) (15) . The fact that CARET administered a higher dose of ␤-carotene and reported a greater relative risk of lung cancer (30 mg of ␤-carotene and RR ϭ 1.28, respectively) than ATBC (20 mg of ␤-carotene and RR ϭ 1.18, respectively) also suggested a possible dose-response relationship for the adverse effect on lung cancer incidence during the intervention phase. Thus, although it remains possible that it was the combination of retinyl palmitate and ␤-carotene, and not the higher dose of ␤-carotene, that was responsible for the higher relative risk of lung cancer observed in CARET, the similar spectrum of adverse effects seen in the ␤-carotene-containing arms of ATBC and CARET suggests that ␤-carotene was the agent responsible for the adverse effects.
The rapid increase in lung cancer incidence observed in both ATBC and CARET suggested an effect on the growth of preclinical tumors rather than induction of de novo tumors because it is unlikely that tumors of the latter type would become clinically evident within a year or two of the start of drug administration. If only preclinical tumors were affected, however, then stopping the intervention should have resulted in a rapid return to pretreatment cancer risk. Indeed, in ATBC participants, the relative risk of lung cancer returned to 1.0 at 4 years after the end of the intervention. However, in CARET participants, the relative risk of lung cancer remained elevated (although not statistically significantly) 4 years after the end of the intervention. One possible explanation for the more prolonged adverse effect in CARET is the higher dose of ␤-carotene used; participants may have had a greater deposition of (11)]. Alternatively, the concentration of ␤-carotene may remain elevated in tissue compartments that are crucial to lung carcinogenesis but decline rapidly in compartments that are critical to cardiovascular disease, the relative risk for which rapidly fell to 1.0 in both trials.
The results of our current analyses of data from 6 years of follow-up after the intervention was stopped suggest that the lung cancer relative rate among CARET participants has decreased at a slower rate than that among ATBC participants. This finding is compatible with the hypothesis that ␤-carotene may cause cellular changes that persist after serum concentrations return to baseline levels. On the other hand, we found that the relative risks of cardiovascular disease mortality among CARET participants rapidly returned to near 1.0, as was also reported for ATBC participants (8) , which is consistent with the hypothesis that this disease mechanism requires the continued presence of the active agent.
Our follow-up analysis generated several provocative new findings for subgroups of CARET participants. First, we found that the elevated post-intervention relative risk of lung cancer for the total population was due in large part to the statistically significant excess risk of lung cancer among females who took ␤-carotene and retinyl palmitate. The relative risks of lung cancer and all-cause mortality in females remained elevated compared with those in males throughout the post-intervention follow-up, consistent either with more persistent storage of excess study vitamins in women than in men or with a different mechanism of the adverse effect that resulted in a persisting elevated risk in women. Second, throughout the postintervention follow-up, the relative risk of cardiovascular disease mortality remained higher in females than in males. The temporal pattern of relative risk in females suggests that ␤-carotene was cleared from the body stores over a 2-to 4-year period, after which the excess risk in the active group disappeared. These findings contrast with the 6-year post-intervention follow-up findings of the all-male active smoker ATBC cohort (8) . The relative risk of cardiovascular disease mortality in the ␤-carotene-containing arms of ATBC rapidly returned to placebo level, whereas the relative risk of lung cancer returned to placebo level more slowly. The mechanisms of the increased risk of cardiovascular disease during active intervention in both males and females and of the rapid return to placebo rates in males and a slower fall in females are unknown.
It has long been recognized that the epidemiology, demographics, and clinical behavior of lung cancer in females differ from those in males (16, 17) . Results of several studies suggest that females are more sensitive than men to the adverse effects of cigarette smoking (18 -20) . In addition, lung cancer in never smokers is more frequent in females than males (21) (22) (23) . Taioli and Wynder (22) and Siegfried (24) have suggested that estrogens may play a role in the development of lung cancer in female smokers and never smokers. Results of other studies have suggested that hydroxylated estrogen metabolites, such as 4-hydroxyestradiol, can cause oxidative DNA damage and form DNA adducts (25) (26) (27) . The mechanism for differential adverse effects in CARET females could potentially reflect an interaction of either ␤-carotene or retinyl palmitate with the endogenous or exogenous hormones. High doses of ␤-carotene in combination with estrogen metabolites may cause additive DNA damage. Alternatively, high-dose ␤-carotene may augment the metabolism of estradiol to active metabolites. The Women's Health Study randomly assigned 39 876 women to receive aspirin, ␣-tocopherol, and ␤-carotene in a 2 ϫ 2 ϫ 2 factored study design, but the ␤-carotene component was ended when ATBC and CARET reported their initial findings (28) . After a median treatment duration of 2.1 years, the investigators reported no effect of ␤-carotene on the incidence of all cancers (RR ϭ 1.11, 95% CI ϭ 0.78 to 1.58) or of cardiovascular disease (RR ϭ 1.01, 95% CI ϭ 0.62 to 1.63). However, that trial has limitations in confirming or refuting our findings in females because of the short duration of treatment, the low incidence of smoking, the small number of lung cancers, and the lack of post-intervention reports.
Although our findings of post-intervention relative-risk differences between former and current smokers and between females and males are provocative, they should be interpreted with caution because of the possibility of spurious findings due to the multiple statistical tests performed. However, several factors suggest that these differences are real. First, the higher relative risk of cardiovascular disease mortality in former smokers compared with current smokers is consistent with the findings during the intervention phase. Second, the differences in relative risks between females and males were consistent across multiple causes of death; if the difference in the relative risks of all-cause mortality between males and females were a spurious finding, we would anticipate more variability in the cause-specific findings. We emphasize that the subgroup and cause-specific analyses were planned in advance and were not motivated by the findings in the all-cause mortality analysis. Third, the relative risk point estimates in the male heavy smokers were similar to those in the asbestos-exposed participants (all of whom were male).
The findings of ATBC and CARET have stimulated investigators to explore the in vivo and in vitro effect of high doses of ␤-carotene and interactions with tobacco smoke. In 1999, Salgo et al. (29) suggested that the oxidative stress induced by cigarette smoke in the lung can result in a change in the metabolism of ␤-carotene, which may actually increase the mutagenicity of tobacco carcinogens. Wang et al. (30) studied the effect of ␤-carotene in cigarette-smoking ferrets and described detrimental effects with a high-dose ␤-carotene supplement, whereas the low-dose supplement had no effect or provided only weak protection. Paolini et al. (31) and Perocco (33) have both suggested that high doses of ␤-carotene can increase conversion of benzo-[a]-pyrene to active metabolites. These studies, stimulated by the results of CARET and ATBC, provide some potential mechanisms to explain the detrimental effects of ␤-carotene and the adverse interaction with tobacco smoke. Because of the rapid onset of adverse effects in both ATBC and CARET, these mechanisms may be important in the progression of preclinical tumors and in the persisting effect of increased lung cancer incidence, as we have seen in CARET. The persisting adverse effect in females versus males provides additional evidence of the potential of hormonal effects on lung cancer etiology.
In conclusion, the excess risks of lung cancer and all-cause mortality that existed at the end of the active intervention phase of CARET persisted after 6 years of post-intervention follow-up, albeit at lower and not statistically significant levels. Results of planned subgroup analyses suggest that the excess risks of lung cancer were restricted primarily to females and of cardiovascular disease mortality primarily to females and to former smokers. However, results of our analyses of the primary endpoints in the full study population were not statistically significant, and results of secondary endpoint and subgroup analyses, although nominally statistically significant, may be spurious, because they resulted from multiple testing. Additional follow-up of CARET participants will be necessary to confirm or refute these trends.
When chemoprevention agents are administered to large, healthy populations, it is necessary to document long-term safety, efficacy and, importantly, the duration of the beneficial (or adverse) effect. This is especially true when the basic underlying molecular and genetic mechanism of the agent is unclear. The results of CARET and ATBC emphasize that chemoprevention trials require careful monitoring of all disease endpoints, both during active intervention and during long-term follow-up, even after the study intervention is discontinued.
